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Effect of Geometry and Mass Distribution on Tumbling
Characteristics of Flying Wings

('. M. Fremaux* and I). M. VainY;

Lock�wed Engineering am/Sciences Company. Inc.. ttaml?tOn, Virginia 23666

and

R. D. Whipple:)

NASA l.angh 3" Research Center, Hampton, Virl_inia 23681

Results fronl an investigation to determine the Io_-speed tumbling characteristics of 12 generic flying-wing

models are summarized. There is snme concern that airplanes with fl_ing-_'ing planfiwms could inadvertently

enter an oul-of-cuntrol tumhliug nmlinn under certain eondilinns. The objectives .f this investigation were In

I ) identify the geometric and mass-related parameters that cause flying wings tn h_. capable of sustained tumbling

and 2) anal)ze some of the driving mechanisms thai cause steady tumbling. Free-tumble and I'ree-lo-piteh tests

v;ere conducted v;ilh dynamically scaled, generic flying-wing models. Results indicated that e.g. location, mass

distribution, and geometric aspect ratio strongly affected the tumbling characteristics nf the models tested and

that p.siti_e static stabilit) did n.t neeessaril)preclude tumbling. The magnitude of dynamic effects were fimnd

t. lit' of the same .rder as static effects |iw the models undergning auhwlliation-in-pitch.
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Nomenclature

- wing span. m.
lift coefficient

pitching moment coefficient

pitch dampmg derivative frnm
forced-oscillation tests,

[,<,,,V,(qc,'-+V)l_ la(:,, ,,(,,, -+_)l
nlean aerodYnanlic cheM, in.

llcqucnc) of oscillation, cycles _,

stick-fixed static margin. ':; t:

neulral point, ',: c

- model nlt',nlcnt O[ inertia abotlt lhc }" body

axis, slug-ft '

reduced frequency parameter for
forced-t_scillatitm tests, ._c2l"

mas_ of mild(l, slugs

angular acceleration about thc )" body axis.
rad ,_,,

hccslream dynamic pressure, tpt", Ib,'ft'

wing area, ft"
v¢ind-tunnel lreestrcam velocils, It's

allgle between fusol;lgc centorlille and the

frecslrcanl (approxinlalc'ly equal 1o angle tlf

attack for ntHltranslaling model), deg

lll(_ttel sideslip Llilgll.'. dug

wing leading-edge sweep Clllglc', dt.'g

- air du'nsit_,, slugsifl _

allgtilar _clocitv, 2rrt. rilds

Fe.cccncd Oct. 5. ILl93: rc_ i'qtlll rcccixcd .luh 13. [t;'cl4: accepted

h)l pulqicatnm .lul\ 22, 1904 (op?,light :c lt,_{14 b,+ the ,\nlcrican

lnMittllC tit AcronatltJC_, alltl :\Mlt)n,.itltiC,,. Ill( Nt+ cop)right i,, a',-

ncitcd in the tinilcd Slate,, under lille 17, t: S, (ode. The U.S

(h)_cFililiClit has a roxMt+-hcc licen,,c l_) cxclcisc all iighls under the

cop) rightclciinledhcreinlor(hl_crnincnlalpuip(+sc_ &llothcrrighls

arc reserved b\ the cop}rigtil o\tncr

['llgillCCl. ]\tt_,:inccd .-\ircr;ili and Flight l)\llCllilics ,'qCClion, 144

Rc,,calch l)ri_.c Member ,,\l.&:\.

;Engine(r, Adxanccd ,\iiCl{lll Hiid Flieht [)\n;lllliCs Ncclillll. 144
Rckcarch l)mc

: "\i.'lli',l'>;l'.."++' Icchnohi.L,i,,i. Vehicle I)\nanlics l/lanch. MS 343
A,,_twialc t.clh_+ ,%1+%+%

41)4

,Sub_( Hpt_

avg a', erage

dvn coefficient increment due to angular rates

LE leading edge (if wing

st;it ,,latic coefficient _,alue

tilt t(it;il c_mfficient valtlc representing the sunl

of M;ltic ;ultl dYnallliC components

Introduction

N flight n_echanics, the phenomenon of "tumbling" is de-
fined as till autttrotati_,c pitching nlotion primarily about

an axis parallel nl a \ehicle's htteral axis, plus translation in

a vertical phmc ahmg ;u'l inclined flight path. Thereltlre. al-

though tumbling is tcchnicalh a six degree-of-freedom (f_-

D()F) lllOtJi)n 1_1 sltit,_, pi'ccc_,MOll of the vertical phme of me-

lion can oCCUl ), it is csscntialt'_ a 3-D()P nlotion. A potentially

dangerllus siltiatitul cHuld develop if an aircraft '@,'ere to enter

a tumble. This artich: desetibcs ongoing research till the tunl-

blmg character|sties tit airplanes.
Accordmg it/Duple|(h,' some of the earliest work regmd-

mg the tumlqing nlotinn tlf wings was performed b_ Max_ell
in ] S53. Dupteich himsell studied the tumbling of rectangular-
planform, uns\_ept wings ill which the motion tlf the free-
lalling tnt_ttcl_ \_ as lccorded (ill film ti)r analvsis._ lixtensive

_,vind-tunncl tests t;i+i tun]bling ',','ere conducted in the t94(1s

hv the National Ad_ isorv (onunittee for Aeronautics' ( NACA ).

[:_lurteen tlvnamicalh scaled, free-flying models of actual or

proptlscd aircr;til _crc hand-hiunched into il_e vertically rising

aiistrcam el the Langlu} Aeronautical Laboratory 2()-fl l=rue-

Spinning '[tinnci (tltit _, N,,_t_r3t [.angley Research Center 2li-

ft Vertical Spin l'unncl) in order to document the lumbhng
characteristics ill several different airplane configuration types,

including conventional (wing-tail), canard (tail-wing), and

sc,,era] fl)ing-_ing designs. ]'he potential detrimental effects

tm the pilt_t cau'-,cd by the accelerations produced in a tulrlble
were also ,lssc',_,cd. in It,153, an amllytical and experimental

investigation was made by Smith; concerning the tumhling (if

the pilol-cscap¢ iltp..c eaF, sules tlf the Doughis D-558-1 and D-

558-2 research airphmes. ,xilh consideration given to the dif-

fcrcnt ph?,sical n_echanisms that cause tumbling. In addition.

Hn utlClllpl has i+cen Illadc by researchers to use computatioqal
fhiid tlVlllnlliCS ((TI)) coupled with the flight dynalnic equa-
lions It> nunlclicalI,, ,,imulate the tunlbting motion of arcc-
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tangular fhtt plate+' Recent expcrmlental and comptttational

work at NASA l.angley'" has shov,'n that a current airplane

configuratiot+l v+'ith close-coupled canards (the X-29AI ',,+'ill

tumble under certam conditions.

(If thc aircraft configuration types exatumed in the fore-

going sit(dies, tile general conchtsion can be drav, n that, other

conditions bemg cqual, flyhlg ,aings are the most likcl} to

htmble, whereas ctlnxcntional configuratioris atrc least like b

to tumble. Possible dcsign trends of present and future ad-

xanced aircraft, inchiding flying wirigs for both military and

civil applications, warrant a renewed interest in tumbling re-

search. 1"o datc there have been no published cfforts to sys-

tematically identify the parameters thal affect the tumbling

characteristics of flying wings. In response. ;-t research pro-

gram was initiated to study various aspects of tumbling for

generic flying-wing shapcs. This article deals with the first

phase tit that rcsearch, with the overall obiectives being to 1 )

identifv the geometric and mass-dependent parameters that

cause flvin,, wines to be capable of sustained tttmblino and 2)

_tllal,vzc sonic (if the driving mechanisms that cause steady-

stale lt, mblmg.

Experimental Methods

I)ynamic Scaling

In order for the motion tlt an unconstrained model to be

representative of its full-scale countcrpart, the dynanlie-scal-

ing relationships r must be enforced (sec Table l). Applying

these factors provides sinfilitudc bctwecn the rnt:,del arid full-

scale article in terms tit the ftindamcntal dimensions of length,

mass. and time for a given altitude and loading condition.

Thus, the quantities listed in Table l can bc directly converted

to full-scale ,,alues by multiplying a given model quantity by

the appropriate factor. It should be noted that in typical dy-

namically sealed tests, including those SUliliil,:trJzed ill this ar-

ticle, Rcvnolds number similitude is usually not satisfied and

the results must be interprctcd with this in mind. The Reyn-

olds nunlber (if tile present tests was on the order (if I × 10".

Models

Three sets of 12 flyine-,a'ing models were constructed (Fig.

1) for testing in both the 30- :,< 01)-ft tunncl and spin tunnel

at NASA Langley Research Center. Thc modcl numbers in

tills figurc apply to all three sets :.uid are used to distmouishe .

between tile diffcrcnt geometric shapes, and not the particuhtr

model used. The modcls rcprcscnt a matrix tit potential flymg-

vvinu planforms with a broad range of aspect ratios tAR =

I.fi-7.4) ;-ind leadhig-edge sweep allgles (All -: 28-61) deg).

_'ingspans for the free-to-pitch ;.ind free-tumble nlodeis are

also sho+vn m Fig. 1. The models were svn]lnctrical about the

X-Y ,and X-Z philles and had fiat-plate airfoil sections with

beveled leading and trailing c,dgcs for ease of construction

]'able i Scale factors lbr dynamic models

Scale [actor

[.illcar dimcn,,ion 3/

Relative dens(t), nli#d" 1

Protldc lllllllbcr, i' ?/it,' l

Weight. IIIiISS 7_r _/l'T
_lolnClll of inertia _r',/+_

l.inc'_u ',,.'h>cil', ;%r J "

I .iitt-'til ;ic'c',._'lcr a I it i i1 1

/\tl£tilar vchu:il_ /V ' '
l'mlc J_r I _

Rcvlio/ds lit(fill+or. !+'///, ,_'_ :l,,'i,,,

Nero: ".,l_>dcl_,;illiu'_;itu iq_laitlcd b,+llitlhipl)ill_ air
plane '+ahlc,. b} lhc tolhl'+,.ing ,>cLilclac'lors v.h,.:ic _',
i', Ihc liltldcl-lo Liliplllllc <,c';llc i;ilitl. +r i<,111cialitl
(il _llr tlcll_il', lu Ih;il til _cNi I_.'_.'1{#ll+Jl,I. I' ik lilt.'

'_;llih+' I+1 kiltL'IllLIIIC t+l_,120',JlX,, / iS ;i rc'plt_'_ClllLIIl%t;

I,,.'nTIh. m is Ihc ',chit. h.' Ill:the+. ;illd k' is lilt,' ;icc,+.'l
CI;IIIIHI tlUC h_ _lHt, l[%

(Fig. 2). In addition, it was ;-tssunled that tile sharp leaclillg

and trailing edges would fix the sup;-iration points on the wings

aild thus help to mininfize Reynolds ntilllber effects till the

models. ()ne set of models ,,,,,;.is used in the 311- x 611-fi tunnel

to obtain static and dynamic data. Tilese inodcls v, cix_' Dot

ciynainically scaled. Tv+o sets of cl_vnamieally sealed modcls.

both one-third scale versions of the .111- x 011-ft turn(el models.

were used in the spin tuilnel: the tirst set l\v free-tulllblc

testing alld the secol]d set for testing otl the free-to-pitch rig

(the different wind-tunnel tests ;.lnd the free-to-pitch rig arc

described in the next seclion). The free-to-pitch models had

lov, er pitching mon]enis of inertia lhan the free-tunlble models

to allow for the increase m total pitch inertia caused b', the

rotating parts of tile free-to-pitch ri_. [:+al.'h nlodel had a cen-

terbodv for housing a six-coil]poncnl strain-gauge bahlnee in

the case of the 3i)- × 0(i-ft tunnel models, or ballast in the

case (If the free-tumble ;.tlld free-to-pitch niodels.

For thc free-tumble alid free-to+pitch tests, stick-fixed static

margin H,, was used ;-is a basis for comparison tit the results.

The neutral points It,, used to calcuhtte thc static margins for

both the tumble models arid the flymg-wing models (if Rcf.

2 were estimated using the t]lethod (if Rcf. <',4.11 is assumed

in this nlethod that the area of interest falls in the linear range

of the (',,, vs ("_ curve. Therefore, the restilts are not striett',

valid for tumble tests due to the large range tit angle of attack

encountered, ttowever, the ca[cutatecl neulral poinls v_erc still

considered to be useful ;-is reference points for comparmg thc

tumble behavior of the ditfercnt inodcls, Ltlld were ttscd (is

such.

Tesl Techniques

Four types of low-speed wind-tunnel tests v+crc conctuctcd

durmg this program: 1) static tests. 2) tk.'l];-inlic (forccd-oscil-

ALE = 28 ° ALE = 38' ALE = 50' ALE = 60 _
b=28in, b=25m, b= 19in. b= 16in.

AR = 74 AR = 6.0 AR=34 AR=24

& ,'5,

All = 51 AFI = :3.8 AR = 24 AR = 18

// ! \\

AR = 44 AR = 3.2 AR = 21 AR = 16

I*'il_. I (;eneri¢ fl)'i_g _,in_ models used fllr lumhli.g research.

Symmetrical centerbody -,

T

Front View t_._Wj

Z

Beveled leading and _

trailing edges // \ ,

// ''_×.---

Side View Flat-plate L

Z airfoil section

Axis s)stenl and coniiguration feature._ of t?,pical lumhh" model+Fi,,,Z.2
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lation) tests, 3) frec-ttnnble tests, and 4) lrec-to-pitch tests.

Each type of test is described briefly below m the context of

the present research:

1 ) Static l('.stx were conducted using the sting-supported 30-

',< bO-ft tunnel models. Each model was successively mounted

o11 it Mx-cot)lponent strain-gauge balance to obtain normal.

axial, and side force coefficients, plus rolling moment, pitch-

ing trlomcnt, and yawing moment coefficients at ;`ingles of

attack _+ ranging from 1) to 1811 deg and IJ to I_() deg in 2-

deg increments at sideslip angles _ of O, - 5, and +5 dee.

2) l_'orced-oscill+ttion tests were also conducted using the 30-

× bll-ft tunnel models to obtain the "+hunped "+ pitch damping

derivative due to oscillation about the pitch axis fC, + (").

A thorough description of this technique appears in Ref.

9, but a brief synopsis of a typical test is given here.

For a typical test, a model was set at a nominal ;`ingle of

attack on the forced-oscillation rig {Fig. 3). After the tunnel

was brought up to the desired velocity, an electric drive motor

_<ls started, causing the rig to begin oscillating about that

angle of attack at a reduced frequency ixiramctcr k of 0.5.

The anlplitudc of the oscillations was lixcd at + 5 deg by the

gearing of the dri',e mechanism, l)ata were then obtained via

a data-acquisition computer. The proccdt, rc was then re-

peated for each desired angle of attack.

31 Free mmbh" (t_-l)Ot:) tests wcrc conducted in the spin
tunnel with one set of the small n)odeis dvt')anlicall,v sealed to

represent realistic full-scale aircraft. These n)odcls were hand-

launched into the _ertically rising airstream of the spin tunnel,

arid the rcst, ltmg motion as the,, travcr,,cd the test section

was recorded on high-resolution xidct) tape tot later analvsis.

During a typical test, a model either undcrxscnt >,everal tumble

cycles before striking the safety net. or the pitching motion

damped out and the model dove into the bt)ttotTI of safct',

net. In a third possihle scenario, thc model _ottkt transition

from prinlarily rotation-in-pitd_ to rotation about all three

axes a few cycles after launch, in which ca_,c the test would

bc labeled as +'no tunlblc." Although transict)t m nature, frec-

tt, mblc tests provided it useft, I "yes+no' ans_vcr to the question

Tunnel _

entrance
cone

Tunnel_
ground\

board

Tunnel_
exit

cone

V ,_ Model
ec= 180°k _'_ /support

[" _l', '9' / arm

 o"N2-/
Crank arm _/ Top View

l"il_. 3 Tumble model mounled .n f.rced oscillation rilz in 30- × 60-
fl tunnel.

"'will it luml;Ic'_. '' Data were obtained its a function of the

degree of static longitudinal stability (i.e., e.g. locution)+ mass

distribution (rnonlents el inertia about all three axes), and

whether or not an initial nonzero pitch rate was imparted to

the models :it lalmch. Note that the quantity "'_t'" in this report

and tile actual angle of attack do not coincide for free tumbling

due to the t,itnslation inherent in this type of motion.

4) Free-to-pitch (I-DOF) te_ts were conducted with a second

set of small models that were dynamically sealed in pitch and

mounted on a free-to-pitch rig that could be easily installed

in the spilt tunnel. The rig was instrumented with at) optical

cncoder and computerized data acquisition system that al-

lowed a time history of the model anguhlr attitude to bc

recorded ill test runs of any desired length. The mounting

fixtures were adiustable so thal the axis of rotation coincided

with the e.g. location. Friction in the rotating parts of the rig

was minimized b_ using ball bearings that wcrc cstimatcd to

restflt in a total resisting pitching moment coefficient of less

than ().01)1 und,..r the most extreme test conditions encoun-

tered. BV definition. _,hallrotation is nc, t tumbling since tinct

translational and two relational DOF have been precluded.

Following Smith. this motion has been labeled "'autoiotat,ln

in pitch" m this :lrlieic. Ilowever. it has been suggested _ )hal

autorotation in pitch is it reasonable representation of tum-

bling that allov_,, quantitative data to be obtained. In free-to-

pitch tests, _+ and lhc true angle of attack are fl_rced to bc

the sanle (assuming that the freestrcam is truly vertical), duc

to the absence of translalion.

In all of thc hee-io-pitch lesls, only steady-state data wcre

obtained +.lilt_' ttl limitations of the rig design, for the tests.

the models v, erc given an impulsive "'push" lO start rotation,

although neither the pitch rate nor the pitch angle ::it which

the model began autorotating _erc known. If the model con-

tinued to rotate from +'ll, unch," then data were obtained over

several cycles. |uture modifications to lhe rig are phmned so

that models can bc prerolated al a known pitch rate and then

released at a knm,,n pitch angle. In this way. inforn)ation on
the lransicnl motion bctorc a nlt)del reaches steady stale _s ill

bc avaihit_lc lhis mlormation v+ouht ,tllow anat'¢sis el tilt'

onset el alllOt_!tati_lll ',ind. prcsnmabl_v, the predietion of the

onset of ttlll)hlillg.

Tumble Simulations

Although not addressed in this article, sinltilatiOllS were

developed with thc initial goal of predicting steady tunlbling

or autorolation in pitch of flying wings. The reader is directed

to Ref. lit for a discussion of the initial simulation dcvelop-

nlent for ttnlfl;ling undertaken during this researcil.

Results and Discussion

Results el the frcc-tun)bie and free-to-pitch studies will bc

discussed in tills seeliun. Data from the st)tie and forced-

oscillation te<,t _uit.: ilsed in it supporting iotc and v+ill not be

diseussed extcnsivelv.

Fret.-Tundlle Tests

For |ree-ltunhlc tc<,ts. 12 small models were hand-htunched

into the _ettieal airstt-cam of the spin tunnel. As a starting

point, the mass :.flit[ tlinlensional characteristics of the XB-35

Hying Wing bontber" at its nonlhlaI e.g+ position (27.5<7 ?)

were used for the initial scaling of tnodel 12 (%,, 28 dog,

AR 7.4) with a scale lactter>, of 31 (see 'l;iblc l) ill it

simulated test altitude tit 25.1)1111 ft. Changes in e.g. position

from that el the XB-15 xvcrc aectlmpanied by changcs it) the

inertial characteristics. The other models were also ballasted

It; cover ;i ratlge ol e.g. locations and inertial character)slits,

I_ut without regard to tilt_' character)sties of any particular

airplant.' contiguralitul.

For cach el tilt_' loading conditions testcd, two types of

lalnleh technique v, erc used: I )thc "'forced launch" technique

in _+'hich lhe modcl,_ wcre given all initial pitch rate (positive.
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or nose-up ;is the n]oclcI translated across the test scction):

and 2) the "'tail slide" technique in which the launcher re-

leased thu model tail-first into the vertical ;lirstreilnl with lit:.

initial pitch rate+ ('erlain model configurations tumbled only

when forced latlnches were used, while ttthers tumbled using

either technique. To ensure the repeatability of the data, each

combination of loading and hlunch method was tested several
times.

Some free-tumble test results appear in Fig. 4. Iri this figure,

the inertia yawing nloment parameter (IYMP) of tilth ct)n-

dition tested is plotted as u function of the stick-fixed static

margin H,, obtained bv varying the c.g. locations for each of

the 12 models. It is well known" that the free rotation of a

rigid body is stable only about the axes with the largest and
smallest moments of inertia, and unstable aboul the axis of

intermediate moment of inertia. This is necessarily true only

in the absence of external influences acting on the body. Clearly,

potentially hirge aerodynamic inonlents are present during

tumbling (e.g., rolling iYIonlent), so lhai it was not evident

from thc outset that the inertial characteristics of the models

would dominate their motion, tlowcver, Fig. 4 shows lh;.tl a

sustained tunlhlc WilS indeed possible only for models tending

tmvartls a wing-heavy loading (i.e.. IYMP > () or /, _ /,).

With wing-heavy loadings, model motions were essentially 3-

D()F in niltur¢. [ri all cases, 1, was either the smallest or

intermediate lnonlent of inertia. Testing whether or not the

models would tumble with I, its the largest moment of inertia

was not practical due to the bltlhisting constraints of the filing-

wing configurations (i.e.. 1 will always tend to be the hlrgest

of the three). For lesls where IYMP < 0, the motitrn of the

models quickly transithmed from rotation in pitch to rotation

about all thrcc axes, and the run was hlbeled no tumblc as

described previously. Two data points front Ref. 2 werc plot-

ted for colnparison with good correhition to the present re-

sults. These tests indicated that tumbles were possitqe for

certain models even with a positive (statically stable) H,,.

Figure 5 is a plot of H,, as a function of lnodel quarter-

chord sweep angle ;'_,,. For a given A,4, the most forward

c.g. location tested that produced a tumble and the next mosl

forward e.g. location tested that did not produce a tumble

arc plotted. Only data for wing-heavy test conditions (IYMP

> 0) were considered, ensuring that model motions were 3-

DeF. Therefore. any nit tumbles were due to the pitch rate

damping out, lind not title to the models rotating ahout their

roll and yaw axes. [n this way, the effects of changing wing

sweep on tumhling were isohited from any inertial effects.

[)tie to practicul Iilnitations in balhlsting, the most forward

e.g. limits lhill produced tumbles were not found for models

I tAR - 1.6}. 2 tAR = I.g), and 7 tAR - 2.4), although

all three models did tumble for the condition IYMP > (I.

No clear pattern of tumble characteristics emerges when

the data are plotted in this manner although three distinct

Ix - ly

mb 2

.o4[-

.02 _-

!
0 i

i
-- -.02 _

D c _ ,.7.,

-.04 [- 3
/

I
-.06 - _' :=: ':c,

.q
_- :_'z.c o

'%o 40 -2o -to

1
i,/i XB-3 5 ]

• I ,,'
• • •• I I." o Wing-heavy

• _• .e •1_ _ _,_, leading
• u C _O•._.,. t

.2, C_ -,_' C _ _
C c Fuselage-hea vy

c, o loadingo

• Tumble Io No tumble

0 1'0 20

Stick-fixed static margin, %

I,ig. 4 Free-tumble results for 12, Ilying _in_ nlodels al all mass
Ioadings examined.

groups of points arc evident. Thcsc groups repr0scnt the first

three cl)]tlnllls of lllod¢ls in Fig. I (i.e.. \,_ 2S dog, \ll

- 38dcg, %,_ - 50ttcg). tlowe_cr, itisilnpl)ssiblcloisolatc

the effccts of changing wing sv, eep front thai of changing

aspect ratio because aspect ratio was different for each n]odcl,

as noted in the figure. |{xamination of Fig. 5 indicatcs that

the H,, for inn]hie or no tumble increased ;is aspect ratio

increasetl. F_videnll\, a lnodel's aspeei ratio had a :,lrong ill-

f]tlence on its iendci]cv to tumble or not ttullble+

Figure (+ i]lusiriii0s thai a "'lulnhle boundary'" is foinled

when th0 data are replottcd _ iih t./,, ;is a function of ntoctel

geoilletric iispcct ratio. The size of tile transition zone {tile

dashed r0gion) ,,,_as dei0rmincd by rite spacing of tile tests in

terms of the e.g. location rcquircd It) produce a tumble or no

tumble. This figure shows lhiit for aspect ratios of 3.] and

ahove, tUltfl+les were possible with stable (positix c i static nlar-

gins. In fact, tnnlhles were obtained _ith It,, + ttlr7 for

the highest aspect ratio tested (model 12. /%R - 7.4). ('oil-

versely, model 3 tAR 2.1 ) required a n0galixe static margiu

(tt, - -5<+ ) for ltnnlqing to occur.

Four data points frorn Ref. 2 ur0 plotted in t:i<_,.(> for t'Oltl-

parison. Tilt'so data coNcspond It) cast's with n0utral pitch
coulrois on ihc nlotlt'ls in Ref. 2, _ltich _otlld I_c the ntosl

similar It) the iriodcls tit the present test _sith fix0d trailing

edges. Th0 {unlble points for both the XB-35 and XP-79 fall

within the ttnublc rcgioit of ihc prescnt test. I lowcver, the

no-ltunble point of ihe Xit-35 also falls within the tulnblc

region bya slalic-lniirgin diffcrenceofahoul I <7 t=. "lXvo pos-

sible explanations for this discrepancy arc evideni. First. holh

the XB-35 and XP-79 airplanes enlploycd '.cry thick airflfil

sections (l g"::i ). In contrast, the lun-lble ntodcls for thc In0seni

tests had flal-phite airfoil sections with sharp h,'attmg and trail-

ing edges as discussed previousl). Inasnnich as hoih tests were

performed m the salnlc facility at approxilnalely the siinle (ver)
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static margin,
%_/

!•Zumb,eI,2, No tumble

t0- " •
_, AR •

i ARAR AR 7.4 : 6.0 ALE = 50 °
i 4.4 5.1 •

5'- AR AR :2

, ALE = 28 o 3,8 3.4•

oL
AR i AR2.4

' L ' 2"19 __-5. .3 .4 .5 .7 .8

Quarter-chord sweep angle, rad

Fig. 5 Static margin filr lumhle as a funlion of','¢illg s_veep for models
wilh _ing-heavv Ioadings.
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r ....

---• Tumble II _2 NO tumble

No tumble -..
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XP-79 (ref. 2) --

Tumble

J
-5]2 3 4 5 6 7 8
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Fig. 6 Stalk Iliarl._in f.r lilmblt' as a funclion llf aspec! ratio for
models _aillt v,ing-hea,,) Ioadings.
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low) Reynolds munber, it is likely that the discrepancy noted

ill Fig. (_ is pritnarily due to Reynolds nmnber effects on the

rounded, rehttively large-radius leading edges of the XB-35
and XP-79 models. In addition, both of the earlier models

had protuberances representing engine nacelles, canopies,
vertical tails, etc., whereas the free-tumble models had a sin-

gle, large center section to house ballast. These differences
would xnake a direct comparison of tile tt, mblc/no-tumble

points ba,,,ed only on e.g. position and aspect ratio difficult

due to potentially significant differences in pitching moment
characteristics.

Another point of interest in Fig. 6 is that the static margin

values defining the tumHe/no-tumble boundary appear to be

approaching a maximum as the aspect ratio mcrcascs. This

probably indicates that a maximum positive static margin be-
yond which tumbling will not occur, regardless of how high

the aspect ratio becomes, was being approached, t lowever,
it is unlikely that this limiting value of H, wits reached during

these tests. It is re-emphasized that the effects of both aspect

ratio and wing sweep on tumbling are included in Fig. 6, (as
well its in Fig. 5), and that two different sets of models, one

with constant aspect ratio but varying sweep and the other

with constunt sweep but varying aspect ratio, would be needed

to differentiate between the effects of these tx_,o parameters

on tumbling.

Free-to-Pitch Tests

Six of the twelve model geometries used in the free-tumble

tests [models 4, b, 11, 8;, 9, and 12 (Fig. 1)l were also tested

on the free-to-pitch rig. These models were chosen because

the_ had the highest aspect ratios [with the exception of model
4 tAR - 3.2) that was tested, and model 10 tAR - 3.4) that

was not]. Based on the free-tumble results, these higher aspect
ratio models tended to have the greatest propensity [or tum-

bling, and presunaably, autorotation in pitch.

In Fig. 7, results from the free-to-pitch tests are superim-

posed on the free-tumble data of Fig. (_r Note that the trend
of static margin required to prevent tunlbling becoming gen-

erally more positive as AR increased is still e_,idcnt, t lowevcr,
the transition zones do not overlap above AR + 3.5. Beyond

this point, the free-to-pitch models would not tumble with a

e.g. as far forward as their free-tumble counterparts. In ad-

dition, the gap between the two sets of data widens as aspect
ratio increases. It is suggested that the following three effects

could produce this divergence m the data:

1) D(lJ_'rences in total pitching moment between rig-mounted

and]?ee-tumhling models. According to Smith, _restraining :t

body from 6-DOF (free-tumble) to 14)()F (shaft) motion can

remove potential driving mechanisms of tumbling. For ex-

ample, the c.g. of a free-tumbling model follows a wavy path
(exen if tile motion is essentially 3-D()F) duc to large vari-

I---41 Tumble (free)
--++ No tumble (free)

---I Tumble (free-to-pitch)

15 _ _ No tumble (free-to-pitch) +C

I ,. _5: + '
lO.

Stick-fixed
static margin, 5 -

"52 3 4 5 6 7

Aspect ratio (_)

Fig. 7 Static margin for tumble with _ring-heav_ Ioadings or autu-
rotation in pitch as a function of aspect ratio.

ations in lift and dlag mcr a cycle. This effect could cat.so

incremental driving (or retarding) moments to develop during

free tutnbling due to variations in dynamic pressure that would

not be present during rotation about a shaft. If these incre-

mental monlents wcrc phased such that the total driving mo-

ment was increased as etmlpared to that produced by I-DOF

shaft rotation, then lrec-tumbling would be possiblc even if

autolOtation in pitch on at shaft were not. In addition, other
effects duc to translation, such ;.is changes in local angle of

attack of the nlodc[, nlltv add to the discrepancy between

free-tumble results and tree-to-pitch results.

2) Free-to-pitch rig twaring triction. There is a small but

relatively constant resisting moment produced by the ball

bearings of the hcc-to-pitch rig. Thus, "'borderline" cases
where the net propelling inoments were smaller than tile re-

sisting bearing motncnts wtmld not undergo autorotation on
the rig. Bearing hiction estimates for tile rig were discussed

in a previous section.
3) Aerodynamic interli'rence between the model and ffee-to-

pitch rig. ('hanges in the flowfield around a model mounted

on tile rig could potentially change the autorotation charac-
teristics of the model its compared to the slmle inodel undergo-

ing frcc tumbling. lhe extent of any aerodynamic interference

between the rig and a model autorotating in pitch has not
been assessed, but it is likely that some modification of the
flowfield around the model due to interference does exist.

While not duplicating the tumble/no-tumble boundary from

the free-tumble rc,,ttlb,, the free-to-pitch data are useful none-
theless. An estimate of the total pitching moment coefficient

(', ......may bc extracted by making use of the I-DOF equation
of motion lor a bod}. rotating in pitch:

(",..... I, 6/0S8 (I)

All of the quantities on the right side of Eq. (1) arc known

constants for a given set of lest conditions, with the exception

of the pitch acceleration q - 6. Using at time history o| at

model's pitch attitude over a given cycle obtained with the

free-to-pitch rig's optical encodcr (see Fig. 8 for a description
of model attitude over a cycle), the data were fitted with a

high-order polynomial and differentiated to yield the pitch

rate (q - 6), and then again to obtain the pitch acceleration

(q - gi) in Fig. 9 For illustration, this proccdure was applied

to data from model 9 undergoing steadv autorotation in pitch.

The calculated (',,,,, was then plotted over a full cycle its a
function of model angle of attack cr to obtain Fig. IlL Note

that this figure represents the total of all external effects on

the model (both static and dynamic) as well as inertial effects+

Beginning at the center of Fig. I0 (++ = (1 dog) and following
the arrows, it is seen that the model motion (pitching "'nose-

down" in all cases) was being resisted in the first part of the

cycle from (_ -:: (1 deg to _r 161) deg. The model was already

undergoing steady-state autorotation before entering this cycle,

and its angular momcntunl carried it through it region v,'hcre
the motion was resisted. It then became propelling for most

of the remainder of thc cycle until lhe motion was again

resisted from ++ 25 dog through the end of the cycle at ++

- tl deg. No altempt was made to remove the moment con-
tribution due to bearing friction from (',,,,, because its effect

on tile trends in Fig. 1(I were assumed tO be onb, r H small

_z:9@

V_

0o !+°+
o_= - ' :"'-_ /o_ = -180'

i
u+: -90°

Fig. 8 Nlodel pitching mpsedo.n on the free-lo-pitch rig.
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Fig. 9 Attitude, pitch rate, and pitch acceleration of model 9 mer

one c_cle on the free-to-pitch rig.
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-4 _
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i

i

_ i Model motion
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• Ji __
-_-180 -90 0 90 180

(_, deg

Fig. tO Tolal pilchinlt, moment coeMeienl of model 9 mer one cycle

on the free-lo-pileh rig.

up_ard displ',tccmcnt of thc data, and not a oh;rage m the

shape of the curve.

Although the aerodynamics of tumbling are complex due

to the presencc of high rotation rates, large allgul;.ir displace-

rnonts, aild separated flmv during largo parts of ii tumhlc cyclc,

it is useful to assunlc thai ;i simplc model of total pitching

(lion(Pill is applicable so that ;.in initial analysis Call tie carried

tlut. The total pitching i11onlcill cocfficiont can bl.' written as

the sum of static and d_,nalllJC lerlllS, and ['.q. ( I ) becollles

( ,., = (+, ....... + (', ....... (2)

(" , was calculated using static pitching moment data from

the 3()- × 6()-ft tunnel tests and the total pitching monlenl

data represented by Fi#. IlL Figure tl shows the relative

contributions of the static alld dynamic, pitching nlt`inlelllS for

the cycle under consideration. Dvnan]ic effects were of the

same order of magilitudc as static c/fects for most of the cvclc

during the sleadv, autorotative pitching motion. This is in

contrast to lhc small-amplitude, lower-rate nlotions typical of

a maneuvering airplane where the total pitching moment _Aould

still tend to he dominated by static effects throughout large

portions of the angle-of-attack range.

Using the abt}v¢ assumptions, the pitch damping derivative

(analogous to the (' + (',,,, from forced-oscillation tests

and termed "'pitch damping" herc for brevity) of a model

undergoing auttirotation pitch can he estimated. For I-D()F.

the &mimic pitching momet_tcoefficient Call he rewritten as
the prodtlct (if a pitch danlpin*g lCrlll and ;t ilOlldiillt.'nsi(m;il

pitch r;.llc, or

( (pitch danlping)(q_: 2 I )

(3)

.'. pitch danlping - ((', ...... t(2l'(/_:)

.8 ! Begin cycle [ ,,,,,-End cycle

.4 _- ,

.2 Model motion

Cm 0 _, . -, +-

-.2
-.4 .... Static /

-.6: _ Cmdynamic /

"'R'_ 81"-1 ' i , , I-90 0 90 180

m deg

Fig. I I Total, slatie, and d_namie pilehin_ rnomenl coeffieients of

model t) (leer one ejcle <ill the free-to-pitch rill

15 ,- _]

10;• : mode/motion I i

5-. i •
dare'in _ 0 : _,-m.. _ _ ./l.ea_>__ _ _ -

coefficient ; '_=liiml_ll_llll _
-5 - Damping

: Free-to+pitch rig
-10 L • Forced oscil ation /

-15
-180 -90 0 90 180

(z, deg

Fig. 12 Pitch damping di.,rivati_e ill model q II`ieasured on the forced

oscillation rig and estimated IlSllltl free-to-liiteh data.

The pitch damping term was c;ilculatcd using (' ..... (_htaincd

prcviousl_v, i.llld q. I'. ;.tlld (: ftOlll the lrce-to-pitch tests of

model c). A salnple result Js sho,,vi] m Fig. 12, (,,'here pitch

damping is plotted :.is ;i function of (i. The pitch danlpJn 7

derivativc (',,. + (',,,, troll1 the ft`it+ccd-oscillation tests in the

311- "< {+(I-ft tunnel arc al,_t+ plotted lot ctmlparison. Recall

that thl." mt+del tj was rotating Jn ;i nosc-dt)v,il direction on the

free-to-pitch rig. Differences bet_ccn thc frcc-to-pitch d;.ita

and the forced-oscillation data arc c_idenl. For ex;inlplc, the

forced-oscillation method prcdictcd ilCtitra] dvnanfic stabilii',

(pitch damping ::: ()) in thc rcgions 45 dog • n + 135 dcg and

-15 deg > (+ - 135 dog. As cxpcctcd, the rest(Its w'erc

quite different for the n]odcl undcrgt)ing a ctlntinut+us, high-

rate pitchillg niP(ion.

In contrast to the ft+rccd-oscillation results, the estimated

pitch damping data fl-on+ the frcc-lo-pitch ie,,ts indicated si£-

nificant propcllin 7 and damping regions throughout thc cycle.

Again cxamining Fig. 12. the free-to-pitch cycle began at

<t - I) deg ;ind contillucd in the ncg',itJx e direction. The illt`itit)ll

was dynamically damped for nit)st of the half-cycle up to ++

Ib(i deg. BeVolld +) 1(+() deg tilL' l11Otioil Was propel-

ling untit _ _- 2(I deg. ailtt damped f(`ir the rclll;iin0cr of the

cycle (back to _ = (I dcig). ('learl,,. largo re£it)ns of ilcutral

dyilalllic pitch stahilil_ did not exist for this modct undcl-gt)illg

autort)lalion in pitch.

Sumniar), and ('endue(ions

TUllll'qing is a pt)tcnti;il CtillCt.'rI1 for tailless or "flvhlg-X_,'iilg'"

aircraft. As such. tunlbiillg rcscalch is iillporta111 not only for

presetlt and future milJt;ir,, aircraft, but also to poteiHial civil

applicatitms such ;is ihc "'spanh_;ider+" ¢onccpl. In lh/s article.

all cllort has been made It) identil\ some t)f the p;.lr;.illlCters

thai cause a COilfiguralitm to bc capablc el ;i sustained tum-

bling nlotion thrtm_ll the tlst_" el d\namicall\ sc;ilcd gCilCric

modcls that rcprc'_L'nl a broad in;itri', of ll)iltg-x_ ing plat(fern1

shapc,,. "luinblc boundaries" lot ihc nlodcls leslcd arc pro-
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scnted as a {unction of stick-fixed static margin and model

aspcc! ratio. Some Models v_'ere found [0 (I.Illlbl,L' ¢Vell though

lhev were slalicalJv slabl¢. Elleels duc to dlanging mass dis-

lribulion and wing sweep arc prcscnted. Some of tile char-

actcristics of a model undergoing steady atltlH'olaliIHI ill pitch

arc explored. Further work is nccdcd to bc able Io predict

the onscl of tulnblmg, possibly by oblaming and modeling

transient data from tile free-to-pitch rig. Dvmmlicallv _caled

drop-model tests could also be used to d¢tcrlnine the suscep-

tibility of flying wings to depart into a tUlnblc from controlled

flight. The ability of aerodynamic controls to both drive and

hall a developed ttinlblc should be explored. Potential Revn-

oltls nunlbcr effects on tumbling characteristics shouM lye t:ur-

flk'r addressed as should the effccls of aerodynamic inlc'rfer-

once on data obtained on rolaling rigs.
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